The Listening in Spatialized Noise-Sentences (LiSN-S) test has been widely applied to diagnose spatial processing disorder in both normally hearing and hearing impaired listeners who are proficient in English. The overall goal of the present study is to develop a spatial listening test that assesses similar spatial auditory processes as the LiSN-S test but does not rely on speech input and thus, is language independent. Therefore a three-alternative forced choice (3AFC) stream segregation task was implemented using a series of continuously in-or decreasing tone-complexes as targets and random tone-complexes as distractors and foils. Similar to the LiSN-S test the signals were either spatially colocated or separated using non-individualized HRTFs and the difference in thresholds defined the spatial release from masking (SRM). In order to achieve similar large SRM effects (of up to 14 dB) as observed with the LiSN-S test in normal hearing listeners, temporal jitter had to be introduced. The effect of the amount of temporal jitter was investigated on the SRM as a function of tone-complex duration. The results revealed that a jitter of about 30ms in combination with a tone-complex duration of about 30ms is sufficient to elicit the desired SRM.
INTRODUCTION
Listeners can use differences in source directions to perceptually separate a target speech from one or more interfering sources (e.g., Hirsch, 1950) . This can result in a significant improvement in speech intelligibility and helps humans to successfully communicate in complex acoustic environments. The benefit when spatially separating the target form masker signals is known as spatial release from masking (SRM: Zurek, 1993; Bronkhorst, 2000; Cameron, et al., 2006) . SRM is particularly large (more than 12 dB) when maskers are also speech signals (Cameron and Dillon, 2007; Marrone et al., 2008a; Jones and Litovski, 2011) and is often reduced in HI listeners, elderly, and a subset of normal-hearing children who report difficulty in understanding speech in background noise (e.g. Gelfand et al., 1988; Cameron and Dillon, 2008; Marrone et al., 2008b; Helfer and Freyman, 2008) . Despite the large body of research into spatial processing the underlying auditory mechanisms are still poorly understood.
Localization (or lateralization) studies have demonstrated that interaural time differences (ITDs) and interaural level differences (ILDs) are the key acoustic cues used to identify the spatial location of sound sources in the horizontal plane (e.g., Blauert, 1997; Colburn et al., 2006) . Therefore, it is generally assumed that these cues also provide the basis for the spatial advantage observed in speech intelligibility tests. However, the limited body of research that directly examined the influence of ITDs and ILDs on speech understanding in noise provides conflicting results on their individual importance (e.g., Culling et al., 2004; Kidd et al., 2010) . Marrone et al. (2008b) pointed out that in addition to the ITD and ILD cues, short-term SNR differences between the ears due to the head shadow effect may also be involved in SRM.
When considering speech understanding in real-life environments, at least two different forms of masking can limit auditory performance: energetic and informational masking. Whereas the spatial release from energetic masking can be largely described by traditional (low-level) auditory models (e.g., Zurek, 1993) , the auditory mechanisms underlying spatial release from informational masking are poorly understood and most likely involve central auditory mechanisms. Two stimulus characteristics mainly contribute to informational masking: (a) similarity between target and masker and (b) uncertainty about either target or masker (e.g., Ihlefeld and Shinn-Cunningham, 2008) . Informational masking is typically the cause when very large spatial advantages are reported in speech-on-speech masking.
Since spatial hearing is highly important for successful communication in background noise, the speech material, spatial conditions, auralization, and procedures of the Listening in Spatialized Noise-Sentences (LiSN-S) test Dillon, 2007, 2008; Cameron at al., 2011) have been specifically designed to assess spatial auditory mechanisms that are ecologically relevant, and in particular to assess spatial processing disorder (SPD) in children. This specific design makes the LiSN-S different from the large amount of more general-purpose speech tests, such as the HINT test (Nilsson et al., 1994) , BKB sentences (Bench et al., 1979) , Hagermann sentences (Hagerman, 1982) , or DANTALE II (Wagener et al., 2003) .
Since the LiSN-S relies on understanding English speech, it can be applied only to adults and children sufficiently proficient in English. In order to apply the LiSN-S concept to non-English speaking people, a version is required that does not rely on speech as input. Throughout the literature different psychoacoustic experiments/phenomena are described that in principle may be applicable for assessing SPD, such as just noticeable differences in ITDs or interaural phase reversals, binaural beats, or binaural pitch (e.g., see Blauert, 1997) . However, these methods often (a) do not have any ecological validity, (b) only consider very specific mechanisms in the auditory system, (c) consider phenomena that are difficult to link to real world perception, or (d) only consider energetic masking and thus, miss the informational masking component that seems critical in real-life listening. In synopsis, no ecologically valid listening test currently exists that assesses spatial auditory processing in the same fashion as the LiSN-S test but does not rely on speech understanding.
The present study describes results of a psychoacoustic experiment that was conducted with the aim of developing such a spatial listening test. The experiment applies a series of tone-complexes in combination with a pattern discrimination task, which was inspired by informational masking experiments described by Kidd and colleagues (e.g., Kidd et al., 1998) . However, a number of important modifications had to be introduced, in particular the application of a temporal jitter, to achieve (a) SRM of similar size to the SRM observed in the LiSN-S, (b) to minimize the influence of stimulus or methodological artefacts (i.,e., the introduction of unwanted cues), (c) short as possible stimulus intervals, which is important for clinical applications, and (d) high measurement reliability.
METHODS

Subjects
In this preliminary experiment, three normal hearing subjects aged 28-38 participated.
Procedures
A three-alternative forced-choice (3AFC) pattern discrimination task was applied. All three intervals contained two distractor signals and one randomly chosen interval additionally contained a target signal. In the distractor only intervals a foil was included to remove any cue that otherwise would have been provided by the perceived increase in stimulus complexity of the target interval. The three stimulus intervals were separated by 250 ms of silence. The listener's task was to identify the interval which contained the target signal. An adaptive two-down one-up procedure was used to track the 70.9% correct point on the psychometric function (Levitt, 1970) . Visual feedback was provided on the correctness of the listener's response.
Stimuli
The distractor, foil, and target signals were all composed of a series of N=15 successive tone complexes. Fundamental frequencies and temporal characteristics are illustrated in Fig. 1 for two example stimulus intervals with two distractor signals (open rectangles) and a target or foil signal (filled rectangles), respectively. The individual tone-complexes had a duration of D t = 10, 20, or 30ms (with 5 ms long cosine-shaped onset and offset ramps), a fundamental frequency f i , and frequency harmonics up to a maximum frequency of f max =6 kHz. The level of the harmonics decreased by 6 dB per octave to roughly resemble the average spectrum of speech. All tone-complexes were randomly placed within a time interval of D i =60ms, which was realized by a random delay τ=τ 1 +τ 2 with 0ms≤τ≤30ms. The random delay τ 1 was introduced to avoid any pitch or rhythm sensation that otherwise would have been introduced by the N repetitions of the tone-complexes within a stimulus interval (i.e., at f 0 =1/D i ). Within each tone-complex interval the random delay τ 1 was identical for the two distractor and test/foil signals. The random delay τ 2 determined the amount of de-synchronization of the onsets (and offsets) of the individual distractor and test/foil signals. The random delays τ 1 and τ 2 were drawn from unity distributions covering intervals of 0 ms≤τ 1 ≤30 ms and 0ms≤τ 2 ≤τ 2,max with τ 2,max =0, 10, 20, or 30 ms. In the target signal the fundamental frequencies were continuously increasing with a fixed step-size, Δf T , on a linear frequency axis, covering a frequency range of 200..500Hz (see right panel of Fig. 1 ). In the two distractor signals as well as the foil signal the fundamental frequencies were randomly picked from a slightly larger frequency range of 100..600Hz. This increased frequency range was applied to minimize the cue that otherwise would have been provided by the target signal always ending at the highest frequency. Similar to the LiSN-S, two spatial conditions were considered: a spatially separated and a collocated condition. In the spatially separated condition both the target and foil signal were presented from the front (φ = 0°) and the two distractor signals were presented from the left (φ = -90°) and the right (φ = +90°) side of the listener. In the spatially collocated condition all signals were presented from the front. The signals were spatialized using non-individualized Head-Related Transfer-Functions (HRTFs) measured on a KEMAR manikin and presented via equalized Sennheiser HD-215 headphones. In total 24 stimulus conditions were measured for each subject and repeated once. The experiment took about 2 hours.
RESULTS
The results (mean value and ±1 standard deviation) for the three test subjects are shown in Fig. 2 for the spatially collocated (left panel) and separated (right panel) condition as a function of maximum jitter, τ 2 , and with the tone-complex duration, D t , as parameter. For the spatially collocated condition the amount of jitter has no significant effect on the measured thresholds. In contrast, in the spatially separated condition the thresholds generally decrease (sensitivity improves) with increasing amount of jitter, an effect that is more and more pronounced the longer the tone-complex duration. In order to further analyse the effect of tone-complex duration on the thresholds, the data shown in Fig. 2 is replotted in Fig. 3 (left panel) as a function of tone-complex duration with the spatial condition and amount of jitter as parameter. Since in the co-located condition the jitter had no significant effect, only the mean thresholds across all jitter conditions are shown (filled circles). The threshold decays by about -10dB/decade, which is in agreement with a power integration process (e.g., Fastl and Zwicker, 2007) . In the spatially separated condition, the applied maximum jitter is indicated by open symbols. With increasing tone-complex duration the decay (or slope) of the thresholds increases with increasing amount of jitter, resulting in a decay of more than -20dB/dec for the largest jitter condition (i.e., τ 2 = 30 ms). The spatial advantage shown in Fig. 3 (right panel) is given by the difference between the thresholds measured in the spatially collocated (Fig. 2, left panel) and separated conditions (Fig. 2, right panel) . The spatial advantage increases with increasing amount of temporal jitter as well as tone-complex duration, reaching values of more than 14 dB. When no jitter is applied (τ 2 = 0), the spatial advantage is only 1-5 dB, which is similar to the "true" binaural advantage commonly observed in energetic (e.g., speech in steady-state noise) masking experiments after (static) better-ear listening effects are removed (e.g., Hawley et al., 2004) . However, the remarkably large spatial advantage of up to 14 dB observed for the case that significant temporal jitter is applied is only in agreement with speech-on-speech masking experiments where a large amount of informational masking is present. In the LiSN-S, the spatial advantage found for normal hearing adults is about 13 dB.
DISCUSSION
When no jitter (τ 2 = 0) is applied to the stimuli, the distractor and target/foil tone-complexes are always temporally aligned. However, due to the random fundamental frequencies of the two distractor signals, the short-term SNR at the output of a cochlear filterbank still shows some variations across frequency and time.
When a jitter is introduced, the amount of these spectro-temporal SNR variations increases, and in particular target segments are introduced where no masker or only one masker is simultaneously present. Hence, with increasing amount of jitter the auditory system is more and more likely to take advantage of glimpsing into temporal (and spectral) gaps, which may result in increased signal detection performance. However, in the colocated condition (Fig. 2, left panel) it was found that the applied jitter has basically no effect on the masked threshold. Hence, the spectro-temporal dips introduced by the considered jitter do not aid auditory detection performance in the spatially co-located condition. This observation is in contrast to the spatially separated condition (Fig. 2, right panel) , where the jitter significantly improves auditory detection (or discrimination) performance in particular for tone-complex with longer durations (D t ≥ 20ms) . The observation that the improvement increases for longer tone-complex durations suggests that the spatial advantage introduced by the jitter requires the sensation of pitch, which is very week for the very short (D t = 10 ms) tone-complexes (e.g., Buchholz, 2011) .
The observation that the jitter improves auditory detection (or pattern discrimination) in the spatially separated condition but not in the co-located condition may be largely explained by cross-ear dip listening (e.g., Marrone et al., 2008b) . Additionally, the brief spectro-temporal dips introduced by the jitter may only be long enough to improve binaural cues but not monaural cues. These binaural cues may be similar to the echo-free onset cues that are typically assumed to underlie the precedence effect and aid localization in rooms (Blauert, 1997) .
In the following, the potential effect of cross-ear dip listening is further investigated. Considering the magnitude spectra of the left-ear HRTFs applied in the spatially separated stimulus condition, it can be seen that due to the head shadow effect the distractor signal presented from the right side (φ = +90°) of the listener (Fig.  4 , dotted line) is highly attenuated in comparison to the target signal, which is presented from the front (Fig. 4 , solid line, φ = 0°). However, the HRTFs of the distractor presented from the left side (φ = -90°) shows increased energy (Fig. 4, dashed line) . The opposite behaviour can be observed at the right ear of the listener (not shown here). In consequence, when the two distractor source signals fluctuate independently, one of the two ears will always provide a better SNR than the other. The cross-ear dip-listening approach assumes that the auditory system can quickly switch between the two ears to always follow the target signal at the ear with the better (short-term) SNR. A basic auditory model was implemented to quantify the suggested effect of cross-ear dip-listening in the spatially separated stimulus condition. First the signals arriving at the listener's left and right ear were analysed by a complex Gammatone Filterbank (Hohmann, 2002) . Afterwards the Hilbert envelope was calculated in each frequency channel by taking the absolute value, which was then convolved with a 3-ms long rectangular time window to roughly simulate the limited temporal resolution of the auditory system. For both ears, the short-term SNR was calculated in each frequency channel by processing the target and distractor signals separately and then dividing their corresponding outputs sample-by-sample. Thereby, only time instances were considered where the target signal was present. This was realized by disregarding any samples where the target signal was below a given frequency-dependent threshold, which was arbitrarily defined as 18 dB above the normal hearing threshold (Fastl and Zwicker, 2007) . Finally, for each frequency channel and time instant only the ear with the better SNR was considered.
In order to analyse the spatial advantage generated by such very basic cross-ear dip-listening process, the SNR difference between the spatially collocated and separated stimuli was calculated in each frequency channel on a sample-by-sample basis (applying stimuli that had identical source signals and only differed by the applied HRTFs). The resulting histograms (normalized to the maximum value) for two example auditory channels (f 0 = 1047 Hz and f 0 = 3089 Hz) are shown in Fig. 5 for different amounts of jitter. It can be seen that when no jitter is applied (τ 2 = 0 ms), most short-term SNRs only show a small spatial advantage (dashed lines). However, when the maximum jitter is applied (τ 2 = 30 ms), SNR advantages of more than 11 dB occur rather frequently (solid lines). This suggests that cross-ear dip-listening is largely responsible for the spatial advantages (of up to 14 dB) observed in the experimental data shown in Fig. 3 (right panel) . However, other mechanism such as ITDbased (onset) localization may be additionally involved. 
SUMMARY AND CONCLUSIONS
This study describes a psychoacoustic experiment that aims at developing a spatial listening test similar to the LiSN-S, but which relies on tone-complexes as input instead of speech. The psychoacoustic experiment revealed large spatial advantages of up to 14 dB, which could only be achieved if (a) the applied tone-complexes had a duration of at least 20 ms and (b) a significant temporal jitter was applied. The required tone-complex duration highlights the importance of pitch perception in the applied pattern recognition task, because for tonecomplexes shorter than about 20 ms the pitch sensation (or strength) is very weak. The application of the temporal jitter plays an essential role which has not been reported before. Given that the temporal jitter has no significant effect on the spatially co-located conditions the jitter only aids auditory mechanisms that rely on interaural differences. It is suggested that mainly auditory cross-ear dip-listening effects account for the observed spatial advantage. However, future research will need to further clarify the underlying auditory mechanisms. Moreover, the effect of hearing loss on the measured spatial advantage needs to be investigated, including a comparison to (normative) data reported on the LiSN-S. Finally, the experimental methods need to be optimized and verified before they can be clinically applied for assessing spatial processing disorder.
